The statistics and impact of equalization-enhanced phase noise (EEPN) is investigated for systems with electronic chromatic dispersion compensation using DSP. EEPN impairment induces larger phase noise than amplitude noise. Optimal linear equalizer in the presence of EEPN is derived but negligible performance improvement is obtained, indicating that EEPN is not easy to mitigate using simple DSP techniques.
INTRODUCTION
Coherent detection with electronic digital signal processing (DSP) is currently believed to be the standard for long-haul fiber-optic communication systems [1] [2] [3] . The flexibility and scalability of DSP in coherent systems are studied for compensation of transmission impairments such as chromatic dispersion (CD) [2] [3] [4] , polarization-mode dispersion (PMD) [5] [6] , Kerr nonlinearity [4, [7] [8] [9] and carrier phase recovery [11] [12] [13] . For DSP based CD compensation, Charlet et al. [14] demonstrated the compensation for 7040 km of uncompensated CD using a 1500 tap equalizer for 100Gb/s transmissions using 28 GSym/s polarization-multiplexed (PM) -Quadrature Phase-Shift Keying (QPSK) modulation. However, in spite of the tremendous success and potential promise of DSP in coherent systems, DSP-based receivers suffer from their own issues. For instance, Shieh and Ho [15] provided initial assessments on the system impact of equalization-enhanced phase noise (EEPN) that results from the interaction of local oscillator (LO) phase noise with electronic CD compensation. The EEPN scales with laser linewidth, accumulated CD as well as symbol rates. Consequently, the linewidth requirements for LO become more stringent for systems using electronic CD compensation. Xie [16] also provided simulation results evaluating the impact of EEPN. However, there has been no in-depth study undertaken on the nature of equalization-enhanced impairments. In addition, previous work on the optimal filter design to equalize CD does not consider the impact of laser phase noise.
In this paper, we characterize the probability density function (pdf) and impact of EEPN for 100 Gb/s systems and beyond analytically as well as simulations. EEPN induced optical signal-to-noise ratio (OSNR) penalties are shown to be important for high spectral efficiency formats. Optimal linear minimum mean-squared error (LMMSE) equalizer for the link CD is derived in the presence of LO phase noise but find the system performance is only improved marginally. 
II EQUALIZATION-ENHANCED PHASE NOISE

A. Theoretical model
with length N=2L+1 is formed and passed through a equalizer, or, a linear finite impulse response (FIR) filter, w .
In absence of laser phase noise, the estimate of the transmitted symbol ˆk x is simply given by ˆ.
T k x = w y (4) According to the minimum mean-squared error (MMSE) criterion, the optimal linear FIR filter lin w is derived as ( )
where A and α are given by [2]
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Denoting the estimation error as ˆn 
MSE
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A y A (8) and the phase noise variance 2 θ σ is given
for large optical signal-to-noise ratio (OSNR 
Since the convolution and multiplication operations are not commutable, with Rx phase noise prior to electronic CD compensation prevents complete equalization of CD. This effect is otherwise not present if optical dispersion compensation techniques are used and are referred to as equalization-enhanced phase noise (EEPN) [20] ,. To highlight the system impact of EEPN alone and provide a performance upper bound for all carrier recovery techniques in presence of EEPN, we will assume perfect knowledge of the laser phase 
where
, C is the set {1, -1} for BPSK and {1, -1, j, -j} for QPSK formats etc. Figure 1 (a) -(c) illustrate the pdf of EEPN for various laser linewidths and transmission distance for QPSK systems with electronic dispersion compensation. The EEPN induces more phase noise on ˆk x than amplitude noise, resulting in the pdf being elliptical in nature. In presence of ASE noise, the pdf is more circular-like as shown in Figure 1 (d), indicating that ASE noise is comparable to EEPN. Simulations are conducted and the phase noise variance for a 1200-km non return-to-zero (NRZ)-QPSK system for different types of CD compensation with Rx phase noise is shown in Fig. 2 . The case without Rx phase noise is also shown as reference. The linewidth of the Rx laser is 3 MHz and the Tx laser is assumed to be ideal with a zero linewidth. The transmission link consists of 15 spans of 80 km standard single-mode fiber (SMF) with fiber attenuation coefficient 0.25 fiber α = dB/km and dispersion coefficient D =17 ps/(nmkm). We assume erbium-doped fiber amplifiers (EDFA) with a noise figure of 4.5 dB and the gain of each EDFA exactly compensates for the loss of the fiber in each span. With optical CD compensation, Rx phase noise only induces a very small OSNR penalty. However, with CD fully compensated electronically, EEPN introduces significant OSNR penalties. Figure 3 shows the phase noise variance as a function of OSNR for a 3200 km link with an accumulated CD of 54400 ps/nm for various LO linewidths. The performance for systems using optical dispersion compensation with various LO linewidths is almost identical to that without Rx phase noise and is therefore not shown. The FEC threshold corresponding to a BER of is shown for reference. From the figure, it can be seen that EEPN induces a nonnegligible OSNR penalty for typical DFB lasers with linewidths of several MHz. For any LO linewidth, the overall phase noise variance converges impact due to EEPN alone. The system tolerance to EEPN is further reduced for 16-QAM or 64-QAM formats (as shown) in Figure 4 . In this case, a non-negligible OSNR penalty due to EEPN will be present even with lasers with linewidths such as external-cavity lasers will induce. 
III. OPTIMAL EQUALIZATION IN PRESENCE OF EEPN
With EEPN, the linear MMSE equalizer lin w previously studied should no longer optimal as it does not take into account the statistics of the receiver phase noise. With LO phase noise, the received signal is given by ( ) 
Taking into account the statistics of 
.
Since ( ) p t is a low-pass filter that is at most in the order of MHz for practical optical communication systems, it can be shown ( ) 
In this case, 
If we use the filter lin w to compensate CD in presence of EEPN, the mean-squared error will be given by
With the optimal FIR coefficients PN w for CD compensation in presence of EEPN, the corresponding mean-squared error will be given by Figure 5 shows the mean-squared error vs. OSNR in presence of EEPN for a QPSK system with different FIR filters. The LO linewidth is 3 MHz and the transmission length is 1200 km. The performance without Rx phase noise is also shown as reference. It can be seen that in presence of EEPN, 
IV. Conclusions
In this paper, we analytically derived the pdf of EEPN and conduct simulations to investigate the effect of EEPN on coherent communication systems using electronic dispersion compensation. The effect of EEPN induced phase noise is larger than EEPN induced amplitude noise. For systems with EEPN, optimized linear MMSE equalizers are derived but only marginal performance improvements are obtained. EEPN-induced timing jitter will be topics for future research.
